INTRODUCTION
Near-UV difference spectral analysis of the triplex formed from d(C-T)6 and d(A-G)6 * d(C-T)6 in neutral and acidic solution shows that the third strand dC residues are protonated at pH 7.0, far above their intrinsic pKa.
Additional support for ion-dipole interactions between the third strand dC residues and the G -C target base pairs comes from reduced positive dependence of triplet stability on ionic strength below 0.9 M Na+, inverse dependence above 0.9 M Na+ and strong positive dependence on hydrogen ion concentration. Molecular modeling (AMBER) of C:G -C and C+:G C base triplets with the third strand base bound in the Hoogsteen geometry shows that only the C+:G C triplet is energetically feasible. van 't Hoff analysis of the melting of the triplex and target duplex shows that between pH 5.0 and 8.5 in 0.15 M NaCV0.005 M MgCI2 the enthalpy of melting (AHOOb) varies from 5.7 to 6.6 kcal.mol-1 for the duplex in a duplex mixture and from 7.3 to 9.7 kcal.mol-1 for third strand dissociation in the triplex mixture. We have extended the condensationscreening theory of Manning to pH-dependent third strand binding. In this development we explicitly include the H+ contribution to the electrostatic free energy and obtain .aT(ln _ H (T m). The number of protons released in the dissociation of the third strand from the target duplex at pH 7.0, An2, is thereby calculated to be 5.5, in good agreement with approximately six third strand dC residues per mole of triplex. This work shows that when third strand binding requires protonated residues that would otherwise be neutral, triplex formation and dissociation are mediated by proton uptake and release, i.e., a proton switch. As a by-product of this study, we have found that at low pH the Watson-Crick duplex d(A-G)6 d(C-T)6 undergoes a transition to a parallel Hoogsteen duplex d(A-G)6 d(C+-T)6.
Nucleic acid triplexes hold much current attention, in large measure because of the possibilities for exploiting third strand binding as an artificial mechanism for the control of gene expression (reviewed in 1,2) and as a tool for site specific delivery of reagents to genomes (e.g., 3) . It is therefore important to understand the molecular mechanisms that underlie recognition of target base pairs by third strand residues. The targets of interest for third strand binding are Watson-Crick helices with the base pairs A* T/U and G -C, arranged in homopurine * homopyrimidine segments, since it is in such sequences that the target pairs are most strongly and accurately recognized, i.e., bound specifically by third strand residues. In the present work, the issue of primary concern is the way a G -C target pair is recognized by a third strand cytidine residue.
The G * C base pair was originally shown to be bound by third strand C or G residues in studies with polyribonucleotides (4, 5) . In those studies it was shown that the interaction of C with G * C base pairs is at best weak at neutrality, being considerably stabilized as the pH is decreased. These observations were reinforced in the later studies of Morgan and Wells (6) and Thiele and Guschlbauer (7) ; the rationale was given clear expression in the model building study of Arnott et al. (8) , who showed that addition of a proton to N3 of C enables that base to form two rather than one hydrogen bond (H-bond) with G (or I) of a target base pair in the Hoogsteen arrangement, thus forming a base triplet that is isostructural with U:A-U and T:A T. It is this rationale that has been used to explain the stabilization at low pH of intramolecular triplexes with homopyrimidine third strands i.e., H-DNA (9) and intermolecular triplexes with poly(C) third strands (10) .
and their target dG residues, as has been observed only below pH 6 at very high third strand concentration by NMR (14, 15) , or instead only one H-bond as the conventional wisdom suggests (e.g., 13, 16) , i.e., at neutrality the dC residue is neutral. An effort to address this question was made using NMR on a sequence forming a short intramolecular triplex with C:G * C triplets (17) . While imino protons on dC residues were observed at neutrality, they could not be quantitated, so that the data was not amenable to thermodynamic analysis. Hence, we undertook a different spectroscopic approach to address these issues.
Thus we have employed UV spectroscopy to compare the states of protonation of dC residues in the third strand d(C-T)6, when it binds to the target duplex d(A-G)6 * d(C-T) 6 . Stretches of such duplex sequences are well known in eukaryotic genomes, particularly in promoter and gene switch regions, where they are thought to be prone to intramolecular triplex formation (H-DNA) (1, 9) . The approach taken depends on two considerations. One, when the third strand dissociates from the target strands well above the pKa for dC, the nature of the accompanying spectral change will depend on whether or not the third strand dC residues in the triplex are protonated. This is because the spectra of neutral and protonated dC are markedly different, so that upon dissociation of the third strand the dC residues will lose a proton if bound by two H-bonds, but undergo no such large characteristic spectral change if held by just one H-bond. The second consideration stems from the fact that if the third strand dC residues are protonated at neutrality, then the stability of the triplex should show inverse dependence of stability on ionic strength.
The observations presented below are consistent with a two H-bond interaction at neutrality and above. Moreover, a thermodynamic analysis of the pH and ionic strength dependencies provides quantitative insights into the nature and properties of the C+:G * C base triplet. Finally, molecular modeling of the base triplets C:G * C, C+:G -C and T:A * T shows C+:G * C to be the most stable and the probability of formation of a C:G * C triplet with one H-bond to be extremely low, due to significant repulsion between the lone pairs on N7 of dG and N3 of dC in the third strand. These results imply that the limited availability of free protons within a cell can serve as a switch for binding of third strands with neutral residues that must be protonated in the triplex.
MATERIALS, METHODS AND THEORY
Samples d(A-G)6 and d(C-T)6 were synthesized using standard phosphoramidite chemistry on an Applied Biosytems 380B synthesizer. The oligomers were purified by reverse phase HPLC (0.1 M triethylammonium acetate pH 7.0/acetonitrile) and ion exchange HPLC (5 M urea/20 mM sodium phosphate pH 6.0, 5 M urea! 20 mM sodium phosphate/i M sodium sulfate pH 6.0) and desalted by reverse phase chromatography using C18 Sep-Pak. Purity was checked using reverse phase HPLC and PAGE on 16% denaturing gels after 32P 5'-end labeling the oligomers, confirming their homogeneity. The purified oligomers were stored dry at -20°C. Molar extinction coefficients determined after phosphodiesterase I digestion E260 = 9890 for d(A-G)6 and £260 = 8510 for d(C-T)6 at 25°C in 2.6 x 10-5 M Tris pH 7 UV spectroscopy and melting profiles Absorption spectra and thermal melting profiles were determined in a computer driven AVIV 14DS spectrophotometer equipped with a thermoelectrically controlled holder. All samples were made with ddH2O and degassed by bubbling helium through the solution. Filtered, dry air was passed through the cell compartment to prevent condensation on the cells at low temperatures. Flow rate was set low enough so as not to create a temperature gradient between the sample and the cell holder, which was confirmed by monitoring the temperature in the sample and cell holder during trial melting profiles. For melting experiments, spectral data were measured every 1 nm at 1°C intervals. Temperature was raised slowly enough to provide equilibrium melting profiles. Tm values obtained from the transition midpoint (a = 1/2) and from the maximum of the first derivative were the same. Sample integrity and hysteresis were checked by measuring each melting profile at least twice, with no significant differences observed (Tm ± 0.5°C).
The melting of duplex and triplex structures are each represented as a series of difference spectra between the spectrum at any temperature, T, and that at 1°C, projected in 3-D to make evident component transitions over a broad wavelength range. These 3-D melting representations were generated using AXUM 3.0 (18) and are plotted in Figure lA -C, on the same scale, with wavelength every 1 nm (x-axis); temperature every 5°C (y-axis); absorbance difference (z-axis).
CD spectroscopy CD spectra from 320 to 200 nm, every 0.2 nm (1 s average), with a 1.5 nm bandwidth were recorded at 1°C on a computer-driven AVIV 62DS CD spectrometer with a thermoelectrically controlled cell holder. The cell compartment was continuously purged with dry N2. The data was smoothed by a least-squares polynomial fit of 7th order.
Molecular modeling
This was done on a PC (Intel 486DX, 33 MHZ, 16 MB RAM) with the program Amber as part of HyperChem (19) . All parameters are those of Amber 3.0A (20) , using the standard unmodified all-atom force field. For the protonated form of NI-methylcytosine, all the base charges are those of Amber 3.0A but for a proton on N3. Energy minimization of each base triplet alone, T:A * T, C+:G * C and C:G * C, with a methyl substituent at the glycosyl bond position of each base, was performed using a conjugate gradient method (Polak-Ribiere) and convergence was set at 0.1 kcal.A I.mol-I for the rms gradient. No cutoff distance was used for non-bonded interactions and a distance dependent dielectric constant was used as a model solvent. No constraints were used in the energy minimizations.
Thermodynamic analysis of the triplex transition
The melting profile for the triplex shows two well resolved transitions corresponding to the dissociation of the third strand from the core duplex, and for the melting of duplex at much higher temperature. Assuming there is no strand overlap at the low strand concentration at which the triplexes were formed (I 0-5 M), the transitions can be treated as separate intermolecular transitions; and because the strands are only 12 residues in size, each transition can be treated using a two-state analysis. This is consistent with the spectral data showing wavelength independence ofTm (Fig. lA-F) . The first transition, i.e., the dissociation of the third strand from the core duplex can be described by the equilibrium: 
I(T~(D) 3(S) t(T) 10
where nIT is the average number of Na+ bound to triplex; nID is the average number of Na+ bound to duplex; nis is the average number of Na+ bound to single strand. Knowing that Na+ and H+ must both contribute to electrostatic shielding of the triplex, we use the Debye-Huckel approximation for a shielded potential and obtain expressions for the Na+ and H+ dependence.
For a solution with Na+ concentration M1, the entropic contribution of the Na+ counterions to the free energy of third strand dissociation
and for a triplex with ZI phosphates, using 6, the shielding contribution (enthalpic contribution) of the Na+ counterions to the free energy of third strand dissociation 
Z2(fnc(S)-fnc(T)).]
Then, for a solution with H+ concentration M2, the entropic contribution of the bound H+ to the free energy of third strand dissociation
and for a triplex with protonated dC residues, from 6, the shielding contribution (enthalpic contribution) to the free energy of third strand dissociation 
For a monovalent electrolyte,
Substituting for K and simplifying, we obtain 
Thermodynamic analysis of the duplex transition
The melting of the duplex in both the duplex and triplex mixtures is described by the following equilibrium:
For these non-self complementary strands, the observed equilibrium constant where a is the fraction of single strand in duplex; and Ct is the total concentration of single strands. The fraction of dissociated duplex is measured in terms of the quantities A(duplex)255, the absorbance of the duplex; A(coil)255, the absorbance of the separated strands; A255, the absorbance at some temperature within the transition; and A(duplex + coil)255, the absorbance of the duplex and dissociated single strand. (Fig. lA) . Similarly, Figure lC shows the comparable melting pattern ofthe triplex at pH 4.2, with the first transition occurring from 25 to 35°C and the second from 55 to 700C.
Melting profiles at individual wavelengths between 240 and 280 nm for the duplex mixture at pH 7.0 (e.g., Fig. 1D ) and the triplex mixture at pH 7.0 (e.g., Fig. l E) and pH 4.2 (e.g., Fig. IF), clearly illustrate the features of the thermal transition(s) and confirm that Tm is wavelength independent. This behavior is consistent with cooperative transition(s) as all the chromophores undergo spectral changes simultaneously.
An analysis of the difference in spectral changes on triplex melting at the two pH values is given below; so is a thermodynamic analysis of the pH dependence of Tm for the transition.
Spectroscopic characterization of the triplex-+duplex transition
Of the four residues contained in the triplex, only dC shows significant near-UV spectral differences under relevant acidic and neutral conditions. On dissociating a proton from 5'dC+MP (pKa 4.6), these differences take the form of a positive peak between 220 and 265 nm and a negative peak centered at 288 nm ( Fig. 2A) . Hoogsteen pairing of a third strand dC residue to the dG residue of a target G -C base pair results in a base triplet that is isostructural to T:A T (Fig. 9) , the third strand dC residue interacting with the target dG via two H-bonds if it is protonated at N3 (Fig. 10) , and via one H-bond if it is not. Moreover, if the third strand dC residues are protonated at all pH values where the triplex exists, the fraction that should lose their protons on third strand dissociation at any given pH can be estimated by assuming that the pKa of dC in d(C+-T)6 is the same as for dCMP, i.e., 28% at pH 4.2 and 100% at pH 7.0. This means that at pH 4.2 the characteristic spectral change for dC+ -> dC should contribute to the total spectral change upon third strand dissociation from the core duplex only to a small extent, whereas at pH 7.0 the contribution should be very pronounced. We have therefore particularly evaluated the observed spectral change on third stand dissociation for evidence of that characteristic contribution for dC+ -* dC at pH 7.0.
To do so we ask whether the total spectral change, AAX, double peak characteristic of unstacking dC residues, and its use implies that it is very similar for unstacking dC+ residues.
The third spectral library component, AA), c+ .< c, was obtained from dCMP, pH 7.0 -dC+MP, pH 2.0 in 0.05 M sodium phosphate buffer at 25°C, as described above ( Fig. 2A) . The sum of the three library spectra is shown in Figure 2D along with the observed difference spectrum for third strand dissociation at pH 7.0. While the two spectra do not coincide, it can be seen that they do so when the summated one is displaced on the wavelength axis +6 nm, as can be seen in Figure 2E . That the sum of the library spectra needs to be red shifted 6 nm is not unreasonable given that the library spectra do not account for the characteristic red shift that occurs on breaking H-bonds between bases (24) , in this case between the third strand dC+ residues and the target dG residues. Moreover, the second spectral library component accounts for the unstacking of dC rather than dC+ residues, the latter being inaccessible because poly(dC+) forms a hemiprotonated double stranded helix under acidic conditions (25, 26) . These two limitations notwithstanding, it is apparent that the spectral components contributing to third strand dissociation from the duplex are quite well approximated, and that the major contribution to the difference spectrum at pH 7.0 derives from deprotonation of the third strand dC+ residues. That being the case, the third strand dC residues must be fully protonated in the triplex. Figure 3 shows difference spectra for third strand dissociation as a function of pH. The reason for the large blue shift as pH rises is that the library component for dC+ -> dC ( Fig. 2A) makes an increasingly greater contribution, resulting in increasing enhancement of the peak at 245 nm and the trough at 294 nm, while the contribution from the two other spectral components is unchanging. At pH 4.2, for example, the difference spectrum shows a broad peak centered at 275 nm due to the dissociation and unstacking ofthe dT residues from the A * T target base pairs. That peak is seen only as a shoulder of the main peak at pH 5.0 and 7.0, due to the superposition of the large contribution of the dC+ -> dC difference spectrum.
In sum, UV spectroscopic evidence shows that at pH 7.0 the third strand dC residues are protonated in the triplex and therefore the presence of two H-bonds in the Hoogsteen C+ 
d(C-T)6 + d(A-G)6 -d(C-T)6 *-* d(C+-T)6:[d(A-G)6 -d(C-T)6].
In this respect, hydrogen ion concentration may be seen as a switch for triplex formation. Hoogsteen pairing with dG and dA respectively, we inferred that at low pH d(C+-T)6 + d(A-G)6 must form a parallel Hoogsteen rather than an antiparallel Watson-Crick duplex. In fact, such a duplex has been observed at low pH (27) for a similar 20mer sequence. The CD spectra of this duplex at pH 4.2 and 7.0 (Fig.  10 ), in comparison with those in (27) , confm the formation of a parallel Hoogsteen duplex under acidic conditions.
The enthalpy values show that under all conditions studied the Hoogsteen-bound third strand in the triplex is more tightly held than the comparable Watson-Crick strand (in the duplex). For (Table 1) . Thus, for this triplex, association of the third strand to the duplex is enthalpicaly driven (favorable) and entropicaly unfavorable. This behavior is consistent with proton uptake by the third strand dC residues.
For triplex formation the free energy at 25°C becomes increasingly negative with decreasing pH, as is expected with the requirement that third strand dC residues be protonated (AG0obs,298 = 8.5 kcal.mol-1 oligomer at pH 7.5, 5.7 at pH 7.0, -1.2 at pH 5.0, and -2.5 at pH 4.2 (Table 1) . Finally, the endergonic values at pH 7.0 and 7.5 are consistent with the fact that the triplex does not exist at 25°C, its Tm values under these conditions being 11 and 1°C, respectively. a significant extent result from an increase in entropy of the water, as t4e dissociated duplex and single strand have a net gain of 9 Na+ (see next section). That is, removal of ions from the solution results in the release of H20 from the ion-H20 clusters that were in solution. This is also the case for 2 M NaCl (5 Nat) and 1 M NaCl (4 Na+), but to a lesser extent. We note also that the percent hyperchromicity for the third strand dissociation is significantly less in 3 M NaCl: 1.0 M NaCl 17%; 2 M NaCl 13%; 3 M NaCl 2%. This significant reduction in the percent hyperchromicity is probably due to the equilibrium being shifted to the right, resulting in less triplex formation under these conditions and therefore an anomalous value of AH'obs for the triplex in 3 M NaCl.
Sodium ion dependence of third strand binding The thermal stability of the triplex is not affected on increasing NaCl concentration from 0.1 to 0.4 M, but above 0.4 M increases to a maximum at 40.9 M (Tm = 10°C) and then decreases to 5°C at 3 M NaCl (Table 1 and Fig. 7A-C) . That decreasing NaCl concentration <0.4 M has no effect on Tm was repeatedly confirmed. This unusual behavior must result from the protons of dC+ contributing to the stability of the triplex. That this is not an artifactual result is shown by the Tm for the duplex in the triplex solution decreasing in the normal manner below 0.4 M. Thus, Figure 7C shows the log[NaCl] dependence for the duplex in triplex solution and for the duplex in duplex solution, confirming the decreasing ionic strength of these solutions. Between 0.4 and 0.9 M NaCl the dominant effect of increasing Na+ concentration is presumably to contribute to triplex stability by shielding the negative charges of the three phosphodiester backbones; yet, over that range alo '-+ is 10°C (Fig. 7B ), relative to a value of 11 C (Fig. 7C) (34) showed much higher a3Tm salt dependence of triplex stability, alog[Na+] = 31'C, for the analogous polymer triplex with uncharged homopyrimidine third strand residues [poly(U:A * U)] in comparison to 'average' duplex polymer DNA that has a value of 18°C (35, 36) . It must be that the salt dependence of our triplex is reduced because the net repulsive energy in the backbone is partially counterbalanced by the positive charges on the third strand dC residues. Moreover, saturation is not observed at higher NaCl concentration, as is the case for poly(U:A * U), presumably because the ionic interaction between the Hoogsteen C+:G base pair is destabilized by still higher monovalent cation concentration, dlog[NaT] =M -9°C (Fig. 7B) . This inverse salt dependence has not been observed previously (37, 38) as earlier work only examined salt dependence below 1 M NaCl. Plum et al. (37) In triplexes without protonated residues in the third strand, An1 is positive as the triplex has a higher charge density than its core duplex; in that event, third strand dissociation should result in release of Na+. For this triplex, however, the positive charges on the dC residues of the third strand reduce the net negative charge of the triplex. Hence, on third strand dissociation above 0.9 M NaCl at pH 7.0, there is a net uptake of Na+ by the duplex and single strand. Confirmation that the protons on the dC residues contribute to shielding, i.e., reduce the net negative charge on the triplex, comes from the negative values for An1 (uptake of Na+) obtained on dissociating the third strand from the core duplex at pH 7.0. Increasing NaCl concentration should favor the dissociation (Le Chateliers principle), which is what is observed in the form of decreasing triplex stability. Thus, the inverse dependence of triplex stability on NaCl concentration above 0.9 M NaCl provides additional evidence that the dC residues are protonated at pH 7.0.
Hydrogen ion dependence of third strand binding oligomer at pH 7.0 into equation 23, one obtains An2 = 5.5, i.e., on dissociating the third strand at pH 7.0, 5.5 protons are released into solution. This value equals 1 H+ per third strand dC residue if the likelihood of bound third strands with dangling 5' dC and 3' dT residues is the same (see Fig. 11 and Discussion). It is not surprising therefore that increasing hydrogen ion concentration favors triplex stability. While this pH dependence has been widely observed, the number of protons involved in the transition has been underestimated previously (11) . Quantitation in that work was based upon d(pH) = AH + AH(Tm) by Record etal. (23), which differs from our equation 23 by a factor of one half because it does not take into account the shielding contribution of protonated dC residues in the triplex. For example, the binding of d(mCTTmCmCTmC mCTmCT) (mC _ d 5-methylC residues) to duplex was calculated ( 11) to involve three protons whereas use (Fig. 10) , and the favorable Coulombic attraction between the protonated dC residues and the surrounding negatively charged phosphodiester backbones of the three strands. These observations provide further evidence for the protonated state of third strand dC residues in C:G * C triplets at neutrality, i.e., C+:G * C.
Energy miniimized structures of T:A T and C+:G * C versus C:G * C The energy minimized structure for the isolated base triplet T:A . T, shown in Figure 9A, generalized to any coil to helix transition involving proton uptake. For such cases B is the same, but the expression for AH+, 13, would be different e.g., protonated, even at pH 7. The importance of all the third strand dC residues requiring H+ upon binding has also been shown for dC residues that are adjacent d(TTC+C+C+TC+TTC+C+C+C+C+) (39) .
The difference in the number of H+ released when poly(A+ * A+) is melted at pH 4.2 and 5.3 is 0.55 (40) . Using the data and A from (23) , AH+ was calculated to be 0.2(23); however, using our equation B, we obtain AH+ = 0.4, much closer to the value observed experimentally.
UV-spectroscopy
The spectral components contributing to the UV-absorbance difference on third strand dissociation have been identified, and it has been explicitly shown that deprotonation of dC residues is the major spectral component at pH 7.0. This method of spectral analysis should prove useful for current work on the acid induced This spread of values may result from differences in oligomer sequence (stacking interactions); end effects due to variation in length of strands, including in some cases differences in the third strand and core duplex length; various solution conditions (pH, ionic strength, different cations); and variations in the methods and models used to obtain the enthalpy values. [ 
Ionic strength dependence
If the third strand dC residues in the triplex were uncharged at pH 7.0, then one would expect a positive ionic strength dependence of triplex stability over a broad range of ionic strength, due to the high negative charge density arising from the negatively charged phosphates on the three strands. Such ionic strength dependence of stability is the norm for duplexes and triplexes with uncharged bases, e.g., poly(U:A * U) (34) . In contrast, inverse salt dependence of Tm at moderate ionic strengths is observed with duplexes stabilized by ionic interactions, as in the case of poly(C+ C) (25, 50) and poly(A+ * A+) (51) . Similarly, we observe that increasing NaCl concentration above 0.9 M destabilizes third strand binding, and we attribute this reversal of salt dependence to increased shielding by the Na+, resulting in a reduced affinity of the dC residues for H+ and a decrease in the electrostatic attraction between the C+:G Hoogsteen base pair and also the dC+ residues and the phosphodiester backbone of the duplex. We do not attribute this reduction in Tm to the higher concentrations of C1-, as the duplex at these high concentrations (1 to 3 M NaCl) shows no reduction in stability (Table 1) . In this regard, there is some confusion in the literature as to the effect that high concentrations of anions have on duplex stability. Our results confirm those of Hamaguchi and Geiduschek (52) , who showed that DNA has a constant Tm of 900C at high ionic strengths of up to 4 M NaCl; i.e., there is no Tm dependence on Cl-concentration, unlike other anions that were shown to decrease duplex stability and were classed as hydrophobic bond breaking agents and obtained enthalpy values must be incorrect when they are not affanged in a chaotropic series by those authors. tFor discussion of these values see Results section, Thermodynamic parameters for the triplex and duplex transitions.
Third strand orientation and register
Binding of the homopyrimidine third strand via reverse Hoogsteen base pairing is not known to occur, i.e., with the third strand antiparallel to the Watson-Crick homopurine strand (Fig. 11A) . Binding of the third strand parallel to the homopurine strand has been proposed from fiber diffraction data and modeling (8, 53) and confirmed by NMR for the triplex d(T-C)4:d(G-A)4 -d(T-C)4 ( 15) . But even with parallel third strand orientation via Hoogsteen base pairing, two alternative registers are possible. The third strand must be displaced, with either a dangling dC residue at the 5' end (Fig. 1iB) or a dangling dT residue at the 3' end ( Fig. 1 C) . While both of these binding arrangements have 11 base pair interactions, the structure with the 3' overhang is more likely under acidic conditions (Fig. llC) , whereas the 5' overhang is more likely at neutrality, since the 5' third strand dC residue need not then be protonated (Fig. 1IB ). As noted above, an equilibrium between these alternatives is consistent with the value of 5.5 calculated for An2-
CONCLUSION
We have shown that protonation of third strand dC residues is required for d(C-T)6 to interact with [d(A-G)6 * d(C-T)6] to form a triplex at neutrality or above. In this respect, formation of this triplex is mediated by a 'proton switch'. Not surprisingly, under such conditions third strand dissociation is cooperative, occurring with release of H+ ions. An electrostatic rationale is provided for the essentiality of dC residue protonation. The reason is not so much the formation of the second H-bondperse, as it is to prevent the repulsion between the lone pair electrons on N3 of the third strand dC residues and on N7 of the dG residues of the target Watson-Crick base pairs. The understanding developed here for the C+:G * C base triplet should provide insights regarding the properties of other base triplets with analogous potential for ionizable third strand residues, as well as of other structures with base-base interactions involving ionized residues.
